The newborn beagle pup serves as a model for neonatal intraventricular hemorrhage (IVH). Fluctuations in germinal matrix blood flow are felt to play a major role in the pathogenesis of IVH. We studied regional cerebral blood flow in awake newborn beagle pups utilizing [14CI-iodoantipyrine as a blood flow indicator and quantitative autoradiography. The equilibrium [tissue]:[bloodl partition coefficient for iodoantipyrine was 1.13 + .06 for grey matter.
Summary
The newborn beagle pup serves as a model for neonatal intraventricular hemorrhage (IVH). Fluctuations in germinal matrix blood flow are felt to play a major role in the pathogenesis of IVH. We studied regional cerebral blood flow in awake newborn beagle pups utilizing [14CI-iodoantipyrine as a blood flow indicator and quantitative autoradiography. The equilibrium [tissue] :[bloodl partition coefficient for iodoantipyrine was 1.13 + .06 for grey matter.
Blood flow was calculated for cerebral cortex (frontal = 59 + 9 m1/100 &in), 14 subcortical nuclear structures (e.g., caudate = 45 + 6 m1/100 g/min), 3 white matter structures (centrum semiovale = 7 + 1 m1/100 g/min), and germinal matrix (7 + 1 m1/100 g/ min) (mean + S.E.).
We conclude that under normal physiologic conditions the germinal matrix receives relatively low blood flow. This information can be used for comparison with germinal matrix blood flow during adverse experimental conditions. Speculation wLow baseline blood flow may place the germinal matrix at risk for ischemic injury during hypoxic or hypotensive stress. This ischemic injury may be a critical step in the pathogenesis of intraventricular hemorrhage, either by disrupting vascular integrity or by producing a disproportionate increase in germinal matrix blood flow (luxury perfusion) after reestablishment of normoxemia and normotension.
Increasing attention is being focused on the regulation of cerebral blood flow (CBF) in newborn infants. The pathophysiology of both perinatal asphyxia and neonatal intraventricular hemorrhage have been linked to fluctuations in CBF (25) . Although quantitative studies of CBF in newborn infants have been performed (22, 24, 29, 35) , these results are limited by the poor spatial resolution of the techniques.
Recent advances have made it possible to accurately measure blood flow to small brain regions in unanesthetized animals (1 8, 19, 30) . We set out to study the regulation of regional blood flow (rCBF) in newborn animals. We utilized the beagle puppy as our experimental animal because the newborn beagle has recently been established as an animal model for neonatal intraventricular hemorrhage (8, 9) . In this report, we present in detail our methods and rCBF values for normal, unanesthetized pups.
MATERIALS AND METHODS
Regional cerebral blood flow (rCBF) was studied in newborn (12-48 h old) purebred beagle pups (Laboratory Research Enterprises, Inc., Kalamazoo, MI) by the methods of Sakurada et al. (30) . The pups were lightly anesthetized with nitrous oxide and halothane. Polyethylene catheters filled with 1.0 international units (IU) Na heparin per 1.0 cc 0.9% NaCl were inserted bilaterally into the femoral arteries and veins via skin incisions. The wounds were infiltrated with 2% lidocaine jelly (Astra Pharmaceutical Products, Worcester, MA) and the hind quarters of the animal wrapped in a cotton stocking and fast-setting plaster bandage (Johnson and Johnson Co, New Brunswick, NJ). The plaster cast was secured to a lead brick. The animals were able to move their head and forelimbs freely.
The pups were allowed to recover from anesthesia for at least 2 h. Oxygen content of inspired gas was maintained at 30-40% throughout the recovery period and during the blood flow experiment. Body temperature was monitored continuously via rectal probe and maintained at 36.0-37.5"C by radiant heat lamps. Arterial pressure was monitored continuously via one femoral artery catheter. The other femoral artery catheter was cut to a total length of 8 cm and was connected to the ipsilateral venous catheter with a short (<I cm) length of silicon rubber tubing (internal diameter, 1.2 mm, LKB Instruments, Inc., Rockville, MD) (2) . Just before the administration of isotope, 0.1 cc arterial blood was removed for determination of arterial gas tensions (Radiometer BM 53 MK2 Blood Micro System, Copenhagen, Denmark). The tracer, 100 pCi of 4-i0do-(N-meth~)-['~C]-antipyrine ([14C]-IAP, specific activity 50-60 mCi/mmole, New England Nuclear, Boston, MA) in 1.0 cc 0.9% NaCl, was infused via the remaining venous catheter at a steadily increasing rate utilizing a Harvard variable-rate infusion Eump (Harvard Apparatus Co., Inc., South Natick, MA). The [ C]-IAP was previously determined to have >97% radiochemical purity by silica gel chromatography (Baker-flux plate, J. T. Baker Chemical Co., Phillipsburg, NY) in benzene/ethyl acetate (3/7, v/v). During the infusion, timed arterial samples (5-sec intervals) were obtained by inserting 21 gauge needles attached to 1 cc syringes without plungers into the silicon fistula. The syringes filled sp~ntaneously.
The experiment was terminated by decapitation at 30 sec. The brain was rapidly removed, frozen in liquid Freon XI1 cooled to -40°C and covered with embedding matrix (Lipshaw Manufacturing Co., Detroit, MI). Blood samples were centrifuged and plasma was pipetted into tared scintillation vials. Vials then received 1.0 cc tissue solubilizer (NCS, Amersham Corp., Arlington Hts, IL); 24 h later 18 cc toluene based fluor (Spectrafluor PPO-POPOP, Amersham Corp.) was added. Radioactivity was measured by liquid scintillation spectroscopy (Packard 300 C Liquid Scintillation Counter, Downers Grove, IL), with appropriate quench corrections. Sample activity was expressed in nCi/g. Serial 20-p thick sections of brain were cut at -20°C with a cryomicrotome (Minot custom microtome, model CTI, International Equipment Corp, Needham Heights, MA). Six consecutive sections were picked up on glass slides and rapidly dried on a slide warmer at 65OC. Four consecutive sections were used for autoradiography. Adjacent sections before and after those for autora-diography were fixed in formalin-ammonium bromide solution (2 g NH4Br/100 ml 10% formaldehyde solution) and stained with hematoxylin-eosin for histologic correlation. The subsequent 44 sections were discarded. This procedure was repeated until the entire brain had been sectioned.
The dried tissue sections were placed in an x-ray film cassette along with ['4C]-methylmethacrylate standards (Amersham Corp) which had been previously calibrated to reference 20-p thick brain sections of known activity (30) . The sections and standards were allowed to expose the film (MR-I, Kodak, Rochester, NY) for 4-8 wk.
Optical density (OD) values were determined from the x-ray film with a point densitometer (Macbeth, Newburgh, NY) with a circular aperture of 1 mm diameter. The location of the autoradiographic image from individual brain areas was identified by overlying the autoradiograph with the adjacent histologic section. (30) . For these experiments, animals were anesthetized with nitrous oxide and halothane, tracheotomized, and ventilated with a Harvard small animal ventilator. Femoral arterial and venous catheters were placed. A laparotomy was performed; both renal arteries, superior mesenteric artery, inferior mesenteric artery, hepatic artery, and hepatic vein were identified and ligated. After closure of the abdominal incision, 50 pCi [I4C]-IAP in 0.5 cc 0.9% NaCl was given intravenously. Arterial blood samples were obtained at 15, 30, 45, 60, and 90 min. Immediately after the 90-min sample was obtained, the animals were killed by decapitation. The brain was hemisected and multiple samples of brain from cortex, white matter, germinal matrix, deep nuclear structures, and brain stem were obtained from one half. The other half was immediately frozen and processed for histology and autoradiography as described above except that SB-5 film (Kodak) was used. Blood and tissue samples were placed in tared scintillation vials and processed to determine isotope concentration as described above. (Fig. 1) . In any single animal, the variability in equilibrium isotope concentration (as determined by liquid scintillation counting) for multiple areas scattered throughout the brain was less than 15%. An averaged mean partition coefficient for each animal was calculated using the mean isotope content from at least eight brain regions, including white matter, grey matter and germinal matrix. For the five animals, the averaged mean partition coefficient was 1.14 + 0.10 (mean + S.E.).
Partition coefficients for discrete brain regions could be calculated using a value for tissue isotope content obtained from the autoradiographs. The equilibrium partition coefficient of IAP was 1.13 f 0.06 for grey structures, 1.02 + 0.08 for white matter, and 1.07 + 0.08 (mean f S.E.) for germinal matrix. For convenience, blood flow to all areas was calculated using a partition coefficient of 1.1.
The physiologic parameters of the animals used to determine blood flow were (mean f S. The germinal matrix (GM) was present in the subependymal region throughout the entire extent of the lateral ventricles. It was most prominent at the anterolateral aspect of the lateral ventricle, especially overlying the caudate nucleus (Fig. 2) . Blood flow to G M was low (7 & 1 m1/100 g/min) and was not different from flow to the centrum semiovale. The low G M blood flow sharply contrasted with the considerably higher flows seen in all other cellular areas of brain.
Blood flow to frontal cortex was calculated from sections at the level of the head of the caudate nucleus (Fig. 2) . Flow to frontal cortex was consistently, although insignificantly (P > 0. I), higher than flow to more posterior cortex. Histologically, the cortex in the newborn dog does not have a uniform neuronal density. The uppermost cortical layers are more compact, reflecting incomplete migration of neurons and production of neuropile. A similar gradient of isotope uptake was seen in corresponding autoradiograph, implying that the more compact layers received higher flow than the less compact lower cortical layers. The cortical flow values reported here represent average values for the entire cortical thickness. Highest flows were seen in grey structures of the posterior circulation, especially posterior thalamus, oculomotor nuclei, inferior olives, and pontine reticular formation. Blood flow values are summarized in Table 1 . :[plasma] partition coefficient was essentially 1.0, we could ignore hematocrit in the calculation of blood flow. Second, because the iodoantipyrine distributed equally between red cells and plasma, we were able to use plasma, rather than whole blood, tracer concentration in the calculations of blood flow.
The [brain tissue]:[blood] partition coefficient was found to be slightly higher in grey matter than in white matter. This difference could be interpreted as indicating that full equilibrium had not been achieved. We think this explanation is unlikely because plasma tracer concentration was essentially constant for the final 30-45 min of each X experiment (Fig. 1) . We calculated blood flow to all areas using a the difference in calculated blood flow between a A of 1.0 and a X of 1.1 would remain below 1.19%.
The rCBF values reported here are consistent with previous determinations of rCBF by other methodologies. Gregoire et al. (13) , using a modification of the Kety-Schmidt technique, found that blood flow in the newborn pup was 48 m1/100 g/min. Venous samples were obtained from the superior sagittal sinus and reflected mostly parasagittal cortical flow, although some white matter flow was undoubtedly admixed (15). Kennedy et al. (17) studied rCBF in newborn dogs using [I4C]-antipyrine and quantitative autoradiography. Cortical blood flow was 33-39 m1/100 g/min, thalamic flow 36-53 m1/100 g/min and flow to brain stem nuclei 42-58 m1/100 g/min; blood flow to centrum semiovale was 7 m1/100 g/min. Subsequent studies in the adult rat established that antipyrine is diffusion limited and underestimates blood flow as determined with iodoantipyrine by as much as 50% (6) . Thus, our regional cerebral flows are consistent with Kennedy's determinations when his values are corrected for the diffusion limitation of antipyrine. Iodoantipyrine has been shown to accurately measure regional blood flow when compared with trifluoroiodomethane (30) or with a microsphere technique (31) . Using a microsphere technique Goddard et al. (10, 11) have reported rCBF values for newborn beagles that are lower than ours; however, their results are not directly comparable with ours because their animals were anesthetized with methohexital [barbiturate anesthesia is known to decrease cerebral blood flow (19) ] and because of the differences in spatial resolution between quantitative autoradiography and the direct tissue sampling used in the microsphere technique.
In our experiments, measurements of blood flow to the G M are reported for the first time. The germinal matrix is a densely cellular region with a high proliferative rate. Because it has been assumed that this structure has a high metabolic rate and because regional metabolism and blood flow are tightly coupled in the mature venous system (32), it was assumed that the G M received high blood flow (16, 25, 34) . This assumption seemed to be confirmed by the presence of prominent vascular spaces within G M seen with routine histology and in injected specimens (14, 25) . Contrary to our expectation, we found baseline G M blood flow to be low, as low as flow in the centrum semiovale. This low flow stood in striking contrast to the much higher flows seen in every other densely cellular region of the brain.
Low blood flow to the G M is consistent with the proposal of Takashima and Tanaka (33) that the G M is at the end site of the penetrating thalamostriate arteries and that the portion of G M near the striae terminalis is a watershed zone between the thalamic and striate arteries; however, low G M blood flow seems inconsistent with the anatomical studies which show a prominent vascular bed in the G M of the human (14) , rhesus monkey (21) , and dog (28) . At the present time, we have insufficient knowledge to totally resolve this inconsistency. It is possible that the prominent vascular bed was necessary earlier in gestation but is no longer required by 12 h postnatal age. If so, these vessels could be undergoing involution and thus be more fragile than vessels elsewhere in the brain. Alternatively, many of these vessels may be arteriovenous shunts through which the blood flow tracer could not exchange with tissue. For whatever reason however, our results combined with the anatomic studies noted above imply that the G M has a low "effective" blood flow and a relatively high vascular volume.
Our animals were hyperoxic (mean POz, 149 mm Hg). More extreme hyperoxia (mean POz, 348 mm Hg) has been shown previously to reduce rCBF in the newborn beagle puppy by 20-30% (17) . It is possible that the regulation of CBF to the germinal matrix is more sensitive to hyperoxia than that to other brain areas, thus accounting in part for the low G M blood flow seen in our animals. If so, hypoxia could be a potent cause of shunting blood flow to the GM. Studies designed to address these possibilities are now in progress in our laboratory.
The assumption that the G M receives high blood flow has been an important aspect of current hypotheses concerning the pathogenesis of IVH (16, 34) . Multiple physiologic factors have been proposed as major or minor contributors to IVH, includng anoxia (16), increased arterial blood pressure and increased cerebral blood flow (23) , decreased arterial pressure and ischemic brain injury (7) , increased cerebral venous pressure (4), hyperosmolality (27) , and coagulation defects (12) . The most consistent feature of the hemorrhage is that it originates within the substance of the GM. The risk of IVH as a function of gestational age correlates closely with the total extent of G M (1, 26). After 34 wks of gestational age, involution of G M has occurred and IVH is rare. When hemorrhage does occur in these more mature infants, it originates from choroid plexus rather than brain parenchyma (5) . Moreover, the site of hemorrhage in the immature infant is influenced by the local extent of the GM. Before 29 wk gestation, the parenchymal hemorrhage usually arises along the body of the lateral ventricle (20, 25) . After 29 wk, the G M has involuted considerably along its posterior extent; almost all parenchymal hemorrhage after 29 wk arises at the level of the head of the caudate nucleus where the G M remains plush (20, 25) . The constant localization of the parenchymal hemorrhage in the G M has been attributed to the presumed hemodynamic properties of this structure, namely that baseline blood flow to G M is high and that increases in total brain flow would disproportionately increase G M blood flow (16, 34) . This shunting of blood flow to G M would eventually result in vascular rupture and hemorrhage.
One cannot automatically equate regional blood flow values determined in the newborn dog to those which are present in the premature human; however, there is good reason to assume that the G M of the beagle pup is physiologically similar to the G M of the premature infant. The G M of the full term pup is similar histologically to the G M of a 30-32 wk gestation infant (8) . Moreover, acute hypercarbia (8) , acute hypertension (9) , and volume expansion after hemorrhagic hypotension (I 1) in the pup result in germinal matrix and intraventricular hemorrhage which is similar pathologically to the human lesion.
Our results contradict the assumption that the G M receives a high baseline blood flow. Thus, it is unlikely that a disproportionate increase in G M blood flow would automatically result from an increase in total brain blood flow. It is likely that conditions which increase total brain blood flow, e.g., hypertension (10) and volume expansion following hemorrhagic hypotension (I 1), would also increase G M blood flow. But unless the increase in G M blood flow is of larger magnitude than the increases to other brain areas, excessive blood flow alone cannot explain the consistent localization of hemorrhage to the GM. Further studies are in progress in our laboratory to evaluate the effects of arterial hypertension and asphyxia on G M blood flow.
